Abstract A seed-borne fungus, Curvularia sp. EML-KWD01, was isolated from an indigenous wheat seed by standard blotter method. This fungus was characterized based on the morphological characteristics and molecular phylogenetic analysis. Phylogenetic status of the fungus was determined using sequences of three loci: rDNA internal transcribed spacer, large ribosomal subunit, and glyceraldehyde 3-phosphate dehydrogenase gene. Multi loci sequencing analysis revealed that this fungus was Curvularia spicifera within Curvularia group 2 of family Pleosporaceae.
but broader than the distal ones, hilum not protuberant, and bipolar germination. However, some Bipolaris species have short and straight conidia with intermediate conidial characteristics. These Bipolaris species may look different from the generic type B. maydis that has large and gently curving conidia.
In recent years, molecular biology has provided fundamental tools to study genera with complex taxonomy. rDNA sequencing has been used as a main tool to identify fungi and discriminate related species [7, 8] . This has been especially useful for some Curvularia species. To assess the evolutionary relationships of Cochliobolus, Pseudocochliobolus, Curvularia, and Bipolaris, Berbee et al. [9] have conducted phylogenetic analyses of rDNA internal transcribed spacer (ITS) regions and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene sequences. Furthermore, molecular phylogenetic analysis based on multi loci has been increasingly used as a tool to determine new species [10, 11] . Recently, Manamgoda et al. [12] have re-evaluated the taxonomy of the genera Bipolaris, Cochliobolus, and Curvularia based on combined genetic analysis of rDNA ITS, 28S, GAPDH, and translation elongation factor 1-α genes and confirmed that these genera were divided into two monophyletic groups: Bipolaris and Cochliobolus species clustered in group 1 together with their respective type species B. maydis (Y. Nisik. & C. Miyake) Shoemaker. In contrast, Curvularia including species that were first named as Bipolaris, Cochliobolus, Pseudocochliobolus but later re-classified as Curvularia were clustered in group 2 with its generic type C. lunata. Some Bipolaris species were re-classified into genus Curvularia, including C. australiensis, C. coisis, C. ellisii, C. graminicola, C. hawaiiensis, C. ovariicola, C. spicifera, C. ravenelli, and C. tripogonis. The objectives of this study were to describe an unrecorded species of C. spicifera EML-KWD01 based on morphological characteristics, phylogenetic analysis, and taxonomic re-evaluation of relationships within Curvularia and Bipolaris groups using multi loci sequences.
MATERIALS AND METHODS
Fungal isolates. Seeds harvested from an indigenous wheat in 2012 were sampled from farms and markets.
Seeds were surface-sterilized with 2% sodium hypochlorite (NaOCl) for 30 sec, washed with sterilized distilled water, plated directly on a moist blotter, and incubated at 27 o C for 2~4 days to allow germination. After germination, seeds were stored in a freezer (−80 o C) for 1 hr and then replaced in the same incubator. Recovered fungi were investigated with a stereo microscope, and fungal spores on the seed were inoculated to potato dextrose agar (PDA; Difco, Montreal, Canada) using a capillary tube. A seedborne fungus, EML-KWD01, was purely isolated from the wheat seed, subcultured on PDA, and then preserved in 20% glycerol stock in a deep freezer (−80 o C) at Environmental [12] . PCR products were purified using AccuPrep PCR Purification Kit (Bioneer Co.), according to the manufacturer' s instructions. Sequencing was performed on an ABI 3700 Automated DNA sequencer (Applied Biosystems Inc., Foster City, CA, USA).
Phylogenetic analysis. Sequences from this study and those from GenBank database (Table 1) were aligned to each other using ClustalX v. 1.83 [15] and edited with BioEdit v. 5.0.9.1 [16] . Phylogenetic analyses were performed using MEGA 6 [17] , and neighbor-joining (NJ) tree was constructed using Kimura's two-parameter method. A maximum parsimony tree was constructed for combined datasets of rDNA ITS, 28S, and GAPDH gene sequences of EML- 
and isoamyl acetate (Junsei), and dried under a fume hood. Finally, these samples were covered with gold in a sputter coater and observed using a Hitachi S4700 field emission scanning electron microscope (Hitachi, Tokyo, Japan) at Korea Basic Science Institute, Gwangju, Korea.
Mycelial growth rate measurement. The diameter of growing colonies were measured every 2 days. Measurements of all colonies were made in two directions at right angles to each other for both controls. Temporal increase in the radius was plotted against time. Linear regression was calculated in order to estimate the growth rate in mm/day for each species under each set of environmental conditions [19] . All experiments were repeated three times.
RESULTS

Phylogenetic status.
A phylogenetic tree was inferred using NJ method. Combined loci (ITS/28S/GAPDH) alignment was calculated for 36 strains (Table 1) . Phylogenetic tree was constructed using the maximum parsimony method. A total of three most parsimonious trees were generated by a heuristic search using the combined dataset of 856 characters from the three loci. Basic Local Alignment Search Tool (BLAST) analysis of ITS sequences indicated that the EML-KWD01 isolate resembled C. spicifera R12 (accession No. KC315931) the most, displaying a 99.6% (523/525 bp) homology (Fig. 1) . The GAPDH gene sequences of EML-KWD01 and that of C. spicifera CBS 274.52 (accession No. JN600979) shared 99.0% (514/519 bp) identities. The rDNA 28S sequence of EML-KWD01 shared 98.6% (820/832 bp) and 98.6% (821/832 bp) sequence identities with C. spicifera BRIP 10940a (accession No. KC445305) and C. spicifera CBS 274.52 (accession No. JX256400), respectively (Figs. 2 and 3) . The tree generated from combined dataset of ITS, 28S, and GAPDH gene had a consistency index of 0.632 and a retention index of 0.814 (Fig. 4) . Most nodes in the combined analysis showed increased clade support as measured by bootstrap analysis. The phylogenetic tree also showed that the unknown isolate EML-KWD01 belonged to family Pleosporaceae. Combining phylogenetic analyses of the ITS, 28S, and GAPDH gene sequences and morphological features, we were able to classify this species as C. spicifera belonging to Curvularia group 2 of family Pleosporaceae (Fig. 4) . From the description of Bipolaris spicifera by Sivanesan (1987) [20] .
Taxonomy. Curvularia spicifera
b From the description of Bipolaris spicifera by Koo et al. (2003) [21] . (Fig. 7) .
DISCUSSION
Most species of Curvularia are found in subtropical to tropical regions, although a few are found in temperate zones. They are identified as major causal pathogens of sugarcane and grasses [6, [20] [21] [22] . Some Curvularia species are also important to different industries owing to their ability of producing secondary metabolites, including substances with antimicrobial properties, enzymes, and precursors used for steroid production [13, [23] [24] [25] . Curvularia spicifera (≡ Bipolaris spicifera) is known as a common allergen to humans. It can cause opportunistic infection in immunocompromised people such as acquired immune deficiency syndrome patients [18, 26, 27] . In Korea, this species has been detected from an imported grass seed without detailed descriptions [21] . However, it has not been detected from indigenous wheat seed.
Recently, ITS region has been used to identify fungi to discriminate species [28, 29] . However, phylogenetic studies based on the ITS region have limited utility in identifying species, especially among members in the order of Pleosporales. In a recent phylogenetic study using multigene analysis, Manamgoda et al. [12] clarified the taxonomy of Curvularia. We used three loci to infer the phylogenetic relationships among species in the genus of Curvularia based on previous phylogenetic studies.
Although genus Curvularia can be easily distinguished from Bipolaris and Drechslera spp., there has been some difficulty to distinguish Curvularia and Bipolaris due to their conidial (wall) shape, size, and septation. Bipolaris and Cochliobolus species are not monophyletically clustered in Group 1 along with their type species. However, Curvularia species including species of Bipolaris, Cochliobolus, and Curvularia are clustered in Group 2 with its generic type [12] . Berbee et al. [9] have presented a phylogenetic analysis of Bipolaris and Curvularia species using combined sequences of ITS rDNA, large subunit (LSU) rDNA, and GAPDH gene.
In this study, rDNA ITS, and GAPDH genes provided sufficient phylogenetic information for the separation of Cochliobolus species into two groups. Our molecular phylogenetic data based on the sequence analyses of three loci of rDNA ITS, 28S, and GAPDH gene showed that the phylogenies were clustered into two main groups and that the isolate EML-KWD01 was an unrecorded Curvularia species, C. spicifera belonging to Curvularia group 2 within the Pleosporaceae family (Figs. 1~4) . Our results are in consistent with those obtained by Berbee et al. [9] and Manamgoda et al. [12] after using combined datasets of ITS, LSU (28S) rDNA, and GAPDH gene. As shown in Figs. 1 and 3 , some Curvularia species were within the Bipolaris group. At the same time, some Bipolaris species were clustered in the Curvularia group 2. Our results revealed that the genus name of strains including Bipolaris crustacea 8225-1, Bipolaris papendorfii 9084c, and Bipolaris spicifera BRIP12529 in the phylogenetic trees should be changed to Curvularia species. Therefore, the status of some Bipolaris strains within the Curvularia group should be transferred to Curvularia group 2 based on the recent classification system. In Korea, Koo et al. [21] were the first ones who reported the species of Bipolaris spicifera. However, this old species name should be corrected to Curvularia spicifera based on recent classification system. However, studies with more Curvularia and Bipolaris isolates in comparison with type species based on multi loci sequence analyses are needed in the future.
